Abstract. Although a change in life-style is often the method of first choice for lipid lowering, lipid-lowering drugs, in general, help to control elevated levels of different forms of lipids in patients with hyperlipidemia. While one group of drugs, statins, lowers cholesterol, the other group, fibrates, is known to take care of fatty acids and triglycerides. In addition, other drugs, such as ezetimibe, colesevelam, torcetrapib, avasimibe, implitapide, and niacin are also being considered to manage hyperlipidemia. As lipids are very critical for cardiovascular diseases, these drugs reduce fatal and nonfatal cardiovascular abnormalities in the general population. However, a numCell. Mol. Life Sci. 63 (2006) 1165-1178 1420-682X/06/101165-14 DOI 10.1007/s00018-005-5406-7 © Birkhäuser Verlag, Basel, 2006 ber of recent studies indicate that apart from their lipidlowering activities, statins and fibrates exhibit multiple functions to modulate intracellular signaling pathways, inhibit inflammation, suppress the production of reactive oxygen species, and modulate T cell activity. Therefore, nowadays, these drugs are being considered as possible therapeutics for several forms of human disorders including cancer, autoimmunity, inflammation, and neurodegeneration. Here I discuss these applications in the light of newly discovered modes of action of these drugs.
Introduction
Lipids are important biomolecules. Cholesterol, for example, is an essential component of the human cell membrane and a precursor for steroid hormones and bile acids. Triglycerides also play an important role in transferring energy from food into body cells. However, any biomolecule in excess is not good for human health. Similarly, elevation of different forms of lipids in the bloodstream, a condition generally termed hyperlipidemia, causes a constant health problem. Because lipids are carried in the bloodstream, hyperlipidemia is always a threat to coronary arteries and the most important risk factor for coronary heart disease. However, to fight these problems, human wit has acquired several drugs, commonly known as lipid-lowering drugs. One group of drugs (statins) lowers cholesterol by interfering with the cholesterol biosynthetic pathway [1, 2]. On the other hand, fibrates decrease fatty acid and triglyceride levels by stimulating the peroxisomal b-oxidation pathway [3, 4] . Apart from these drugs, ezetimibe, which selectively inhibits intestinal cholesterol absorption [5] , cholestyramine, colestipol, and colesevelam, which sequester bile acids [6] , torcetrapib, which inhibits cholesterol ester transfer protein [7] , avasimibe, which inhibits acyl-CoA: cholesterol acyltransferase [8] , implitapide, which inhibits microsomal triglyceride transfer protein [9] , and niacin, which modifies lipoproteins [5] , are providing clinicians with several therapeutic options for lipid lowering. However, based on medical use, importance, and popularity, statins and fibrates are way ahead of the others. Recent experimental data have revealed that both statins and fibrates display a broad spectrum of activities in addition to their lipid-lowering properties. As a result, statins and fibrates are now being considered as possible medicines in a variety of human disorders.
Fibrates
In contrast to statins, this group of drugs does not inhibit cholesterol biosynthesis. However, these drugs stimulate b-oxidation of fatty acids mainly in peroxisomes and partly in mitochondria [3, 4, 15, 16] . Therefore, this group of drugs is known to lower plasma levels of fatty acid and triacylglycerol. Clofibrate was the first such drug, developed in Japan in the 1960s [17] . Eventually, the discovery of several other fibrate drugs such as ciprofibrate, bezafibrate, fenofibrate, and gemfibrozil has revolutionized lipid-lowering research. However, the enthusiasm has been short-lived, because prolonged use of some of these drugs like clofibrate and ciprofibrate causes peroxisome proliferation leading to hepatomegaly and tumor formation in the liver of rodents [18] [19] [20] [21] [22] . Therefore, there are concerns about widespread use of these drugs in humans. Only gemfibrozil and fenofibrate, due to their milder effect on peroxisome proliferation, are being used as lipidlowering drugs in humans.
Mode of action of statins

Inhibition of cholesterol biosynthetic pathway
Statins came into the limelight due to their inhibitory effect on cholesterol biosynthesis. In humans, cholesterol is synthesized from acetyl-CoA via multiple reactions. HMG-CoA reductase is the key rate-limiting enzyme of this biosynthetic pathway (Fig. 1) . Statins are structural analogues of HMG-CoA and thereby inhibit HMG-CoA reductase competitively with an affinity about 1000-10,000 times greater than that of the natural substrate. In addition to direct inhibition of cholesterol synthesis, statins have also been shown to lower plasma cholesterol levels indirectly due to up-regulation of the low-density lipoprotein (LDL) receptor [23] .
Inhibition of small G protein activation
The activity of several proteins involved in intracellular signaling cascades is dependent on post-translational modification by isoprenylation. As described in Figure 1 , isoprenoids such as farnesyl pyrophosphate and geranylgeranyl pyrophosphate are intermediates in the cholesterol biosynthetic pathway. These intermediates serve as important lipid attachment molecules for the g subunit of heterotrimeric G proteins and small G proteins, such as Ras, Rho, and Rac [24, 25] . Inactive GDP-bound Ras, Rho, and Rac are localized in the cytoplasm. After iso- prenylation, these small G proteins are translocated to the membrane and converted to active GTP-bound forms [24, 25] . Subsequently, activated Ras, Rho, and Rac modulate functions of multiple downstream signaling molecules. Because mevalonate is a precursor of isoprenoids, statins inhibit the synthesis of isoprenoids and thereby suppress the activation of small G proteins.
Suppression of proinflammatory molecules
The idea of investigating the role of the mevalonate pathway in the regulation of inducible nitric oxide (NO) synthase (iNOS) and proinflammatory cytokines came from the fact that intermediates of this biochemical pathway are isoprenoids, which are known to play an important role in activating small G proteins like Ras and Rac as described above. Interestingly, Pahan et al. [26] have shown that lovastatin inhibits the activation of NF-kB and the expression of iNOS and proinflammatory cytokines [tumor necrosis factor-a (TNF-a), interleukin (IL)-1b, and IL-6] in lipopolysaccharide (LPS)-stimulated rat primary astrocytes. In fact, this landmark finding has revolutionized statin research. Nowadays, statin drugs are being widely considered as potential therapeutic agents against various neuroinflammatory and neurodegenerative disorders. Because lovastatin inhibits HMG-CoA reductase, both mevalonate and farnesyl pyrophosphate (FPP) are capable of reversing the inhibitory effect of lovastatin on the expression of iNOS and the activation of NF-kB [26] . However, addition of ubiquinone and cholesterol to astrocytes does not prevent the inhibitory effect of lovastatin. These results suggest that depletion of FPP, rather than end products of the mevalonate pathway, is responsible for the observed inhibitory effect of lovastatin on the expression of iNOS. Suppression of LPS-induced activation of NF-kB and expression of iNOS in glial cells by farnesyltransferase inhibitors [27, 28] suggests an important role for the farnesylation reaction in the regulation of the iNOS gene. Consistent with a role of farnesylation in the activation of p21
Ras , a dominant-negative mutant of p21 Ras (S17N) also attenuated activation of NF-kB and expression of iNOS in rat and human primary astrocytes [27] . Statins also block interferon (IFN)-g-inducible [29] and constitutive [30] transcription of the major histocompatibility complex (MHC) class II transactivator (CIITA), which regulates nearly all MHC class II gene expression. Recently, Cordle and Landreth [31] have also indicated that statins inhibit fibrillar Ab-induced expression of iNOS in mouse BV-2 microglial cells by inhibiting isoprenylation of Rac. Taken together, these studies suggest that mevalonate metabolites regulate the expression of iNOS in glial cells via modulating isoprenylation of small G proteins.
Stimulation of endothelial NOS
In patients with atherosclerosis and hypercholesterolemia, endothelial function is known to be impaired due to decreased synthesis of endothelium-derived NO [32] . In vascular walls, NO is synthesized from endothelial nitric oxide synthase (eNOS). Although statins inhibit the expression of iNOS, these drugs have been found to stimulate eNOS-derived NO production [33] . This beneficial effect of statins is found to be independent of cholesterol lowering [33] . Reversal of this effect by geranylgeranyl pyrophosphate but not FPP suggests that Rac/Rho but not Ras play a role in down-regulation of eNOS. In addition, Akt has been shown to phosphorylate eNOS and increase the production of NO [34] . On the other hand, mevalonate, an intermediate of the cholesterol biosynthetic pathway, inhibits phosphatidylinositol-3 (PI-3) kinase and thereby attenuates the activation of protein kinase B (Akt) [35] . These studies suggest that statins may also favor the up-regulation of eNOS by inhibiting the synthesis of mevalonate and thereby activating the PI-3 kinaseAkt pathway. Furthermore, according to Feron et al. [36] , Lipid-lowering and anti-inflammatory functions of fibrate drugs. PPAR-a in the cytoplasm has been shown to bind heatshock protein (HSP). However, the role of HSP is at present unclear. As has been shown in case of other nuclear hormone receptors, fibrates (F) may replace HSP. It has also not been demonstrated if ligand-bound PPAR-a enters into the nucleus. Within the nucleus, PPAR-a and RXR complex is bound to repressors, such as nuclear receptor co-repressor (NCoR), silencing mediator for retinoid and thyroid hormone receptor (SMRT) and histone deacetylase (HDAC). In the presence of ligand, NCoR, SMRT and HDAC are released from the complex followed by the recruitment of histone acetyltransferase (CBP/p300), steroid receptor co-activator (SRC), PPAR-binding protein (PBP), PPAR-interacting protein (PRIP), and PRIP-interacting protein with methyltransferase domain (PIMT). Subsequently, the whole active complex binds to peroxisome proliferator responsive element (PPRE) present in the promoter of peroxisomal fatty acid b-oxidizing enzymes. On the other hand, fibrates also inhibit the activation of AP-1 and NF-kB via PPAR-a. Although PPAR-a has been suggested to be involved in the up-regulation of IkBa, underlying mechanisms are unknown. atorvastatin increases NO production by decreasing the expression of caveolin-1, a negative regulator of eNOS.
Inhibition of migration and proliferation of smooth muscle cells
Migration and proliferation of smooth muscle cells (SMCs) play an important role in the pathogenesis of atherosclerosis [37] . Small G proteins, such as Ras and Rho, are known to promote SMC migration and proliferation. While Ras promotes cell cycle progression via activation of the MAP kinase pathway [38] , Rho/Rho kinase induces cell proliferation via destabilization of the inhibitor of cyclin-dependent kinase, p27 kip1 [39] . Because statins are capable of inhibiting the activation of Ras and Rho, these drugs also suppress SMC migration and proliferation.
Inhibition of reactive oxygen species production
Reactive oxygen species (ROS) play many important roles in intracellular signal transduction. Several inflammatory and degenerative stimuli induce the production of ROS via the activation of NADPH oxidase. NADPH oxidase is a five-subunit protein that generates superoxide from molecular oxygen and is composed of two membrane-bound subunits, gp91phox and p22phox, and at least two cytosolic subunits, p47phox and p67phox. Phosphorylation of p47phox results in translocation of the p47phox-p67phox complex to the membrane, where it interacts via multiple binding sites with gp91phox and p22phox. This complex remains incomplete without the participation of Rac, a small G protein, which is known to associate with p67phox and gp91phox [40, 41] . As mentioned above, statins inhibit geranylgeranylation of Rac and thereby attenuate NADPH oxidase-mediated generation of superoxide. 43] . Sometimes, Th2 cells are able to negatively regulate Th1 cell-mediated responses, thus acting in an anti-inflammatory capacity. In healthy human beings, there is a proper balance between Th1 and Th2 cells. However, once the balance is lost, it leads to immune-related disorders. It has been suggested that altering the Th1/Th2 balance in vivo toward Th2 function could protect against Th1-type autoimmune disease. Interestingly, statins have been found to favor the polarization toward Th2 [44, 45] . In experimental allergic encephalomyelitis (EAE), the animal model of multiple sclerosis (MS), statins induce the differentiation of neuroantigen-primed T cells from the Th1 to Th2 mode [44, 45] . While activated (tyrosine-phosphorylated) signal transducer and activator of transcription (STAT) 4 has a key role in IL-12-dependent Th1 lineage commitment, activation of STAT6 is required for IL-4-dependent Th2 lineage commitment [44] . Interestingly, atorvastatin treatment suppresses the formation of activated STAT4 but stimulates the activation of STAT6 in T cells from atorvastatintreated or phosphate-buffered saline-treated mice [44] .
Switching of T-helper cells
Destabilization of fibrillar amyloid-b peptides
Fibrillar forms of amyloid-b (Ab) peptide play an important role in the pathogenesis of Alzheimer's disease (AD). These are 39-to 43-residue peptides released due to proteolytic processing of the transmembrane precursor glycoprotein, amyloid precursor protein (APP). The amyloidogenic pathway requires that APP be sequentially cleaved by b-and g-secretases. b-Secretase cleaves APP close to the membrane to produce bAPPs (secreted), and a 12-kDa, C100 transmembrane stub, subsequently cleaved by g-secretase to produce the Ab peptide and a cytoplasmic fragment with a very short half life [46, 47] . On the other hand, a-secretase cleaves APP within the Ab sequence thus preventing its formation [46, 47] . Statin treatment has recently been suggested to decrease amyloidogenic APP processing by reducing cellular cholesterol levels [48] . Recent studies have suggested that treatment with statins or depletion of cholesterol appears to increase a-secretase cleavage of APP in cells, whereas b-secretase cleavage and secreted Ab levels are decreased [48, 49] . In contrast, cholesterol enrichment leads to elevated amyloidogenic processing of APP [48, 49] . In agreement with this, Sidera et al. [50] have demonstrated that high cellular cholesterol levels decrease the glycosylation of mature oligosaccharides in b-secretase leading to its inhibition. On the other hand, in the presence of lovastatin, the glycosylation process is stimulated, thereby attenuating the function of b-secretase [50] . However, lovastatin does not inhibit b-secretase in vitro.
Mode of action of fibrates
Activation of nuclear hormone receptors
One of the hallmarks of functions of fibrate drugs is the activation of peroxisome proliferator-activated receptor (PPAR). PPARs are a group of three nuclear hormone receptor isoforms, PPAR-g, PPAR-a, and PPAR-d, encoded by different genes [51, 52] . However, fibrate drugs like clofibrate and fenofibrate have been shown to activate PPAR-a with tenfold selectivity over PPAR-g [52] . Bezafibrate acts as a pan-agonist that shows similar potency on all three PPAR isoforms. WY-14643, the 2-arylthioacetic acid analogue of clofibrate, is a potent murine PPAR-a agonist as well as a weak PPAR-g agonist. Although these drugs activate PPARs, direct binding of these drugs with PPARs has not been demonstrated. However, in response to fibrate drugs, PPAR-a heterodimerizes with retinoid X receptor-a (RXR-a), and the resulting heterodimer modulates the transcription of genes containing peroxisome proliferator-responsive elements (PPREs) in their promoter sequence [52, 53] . In addition to fibrates, a number of natural ligands, such as polyunsaturated fatty acids (PUFAs), leukotriene B4 (LTB4), 8-S-hydroxy eicosatetraenoic acid (8-S-HETE), and prostaglandin J2 (PGJ2), are also known to activate PPARs [51] [52] [53] . In the absence of ligands, all three isoforms of PPAR bind to various transcription co-repressors, such as nuclear receptor co-repressor (NCoR) and silencing mediator for retinoid and thyroid hormone receptor (SMRT), and histone deacetylases (HDACs) in a DNA-independent manner [54, 55] . On the other hand, ligand-mediated activation of PPARs leads to dissociation of co-repressors and concomitant association with various co-activators, such as steroid receptor co-activator 1 (SRC1) and histone acetylases (CBP/p300). Recent studies have also identified a PPAR-a-interacting cofactor (PRIC) complex containing many co-activators, such as PPAR-binding protein (PBP), PPAR-interacting protein (PRIP), PRIP-interacting protein with methyltransferase domain (PIMT), and others [54, 55] .
Stimulation of fatty acid oxidation
Fatty acids are b-oxidized mainly in mitochondria. Only very long chain and long-chain fatty acids are b-oxidized in peroxisomes [56, 57] . After chain shortening in peroxisomes, fatty acids are believed to be transported into mitochondria for complete b-oxidation. However, fibrate drugs are known to stimulate mainly peroxisomal b-oxidation [15, 16, 18] . Accordingly, after clofibrate treatment, peroxisomal fatty acid b-oxidation increases up to 20-fold in the liver of rodents [15, 16, 18] . Hepatocytes isolated from clofibrate-fed rats also oxidize more and esterify less of incoming fatty acids than do normal hepatocytes [15, 16, 18] . This increase in fatty acid oxidation is particularly striking for very long chain fatty acids (> C 22:0 ), as these are particularly b-oxidized in peroxisomes. This stimulatory effect is mediated by PPAR-a, and a PPRE, consisting of an almost perfect direct repeat of the sequence TGACCT spaced by a single base pair, has also been identified in the upstream regulatory sequences of each of the genes involved in peroxisomal boxidation [16, 58] . In addition to stimulating b-oxidation, fibrate drugs are also known to stimulate fatty acid w-oxidation in the liver, and they prevent or reduce the effects of some inhibitors of fatty acid oxidation, such as 4-pentenoate, and decanoyl-carnitine [58, 59] . Fibrates also increase the activity of acyl-CoA synthetase and the CoA content of liver while the level of malonyl-CoA, the precursor of de novo fatty acid synthesis, goes down [58, 59] . Apart from stimulating fatty acid oxidation-associated molecules, fibrates also increase lipolysis via PPARa-dependent up-regulation of lipoprotein lipase [60] .
Peroxisome proliferation and hepatocarcinogenesis
Fibrates are also termed peroxisome proliferators, because prolonged administration of fibrates to rodents typically leads to proliferation of peroxisomes and hepatomegaly. Continuous administration of fibrate drugs to rodents for 40-50 weeks also leads to the formation of hepatic tumor [22, 58] . However, the mode of action underlying fibrateinduced hepatocarcinogenesis has not yet been fully delineated. In response to fibrate drugs, PPAR-a is believed to mediate alterations in gene expression that eventually lead to increased cell proliferation, decreased apoptosis and increased signaling for replicative DNA synthesis in the liver [58] . These alterations ultimately enable mutant cell populations to proliferate and become neoplastic [58] . It is also known that a number of proteins required for transition into the S phase of the cell cycle are increased by fibrates, probably via the involvement of PPAR-a [58] . However, functional PPREs have not been characterized in gene promoters of these regulatory molecules. Fibrate drugs have been suggested to induce oxidative stress, which ultimately contributes to an increase in hepatocyte proliferation and oxidative DNA damage [61] . This hypothesis gains momentum as fibrates induce marked upregulation of peroxisomal acyl-CoA oxidase, the fatty acid b-oxidizing enzyme that produces H 2 O 2 , without concomitant increase in the peroxisomal marker catalase, the H 2 O 2 -degrading enzyme [22, 58] .
Suppression of proinflammatory molecules
Similar to statins, fibrate drugs also inhibit the production of different proinflammatory molecules. Fibrates repress cytokine-induced IL-6 production in SMCs, iNOS activity in murine macrophages, and VCAM-1 expression in endothelial cells [62, 63] . The physiological relevance of these observations is further corroborated by the demonstration that fibrates lower plasma levels of inflammatory cytokines such as IL-6, TNF-a, and IFN-g in patients with atherosclerosis [63] . Interestingly, not only fibrate, but also PPAR-g ligands [63] have been reported to inhibit production of inflammatory cytokines by monocytes/macrophages in vitro.
Cell. Mol. Life Sci. Vol. 63, 2006 Biomedicine & Diseases: Review Article Fibrate drugs also exhibit an anti-inflammatory effect in brain cells. For example, according to Xu et al. [64] , all the fibrate drugs tested (ciprofibrate, fenofibrate, gemfibrozil, and WY-14643) inhibit cytokine-induced production of NO in microglia in a dose-dependent manner. Xu et al. [64] also demonstrated that fibrates inhibit the secretion of the proinflammatory cytokines IL-1b, TNFa, IL-6, and IL-12 p40 and the chemokine MCP-1 by LPS-stimulated microglia. Although mechanisms behind the anti-inflammatory effect of fibrates are currently unknown, these drugs may limit inflammation in part by inducing the expression of IkBa, which blocks the activation of NF-kB, a transcription factor critical in the activation of a variety of proinflammatory molecules [65] . We have also demonstrated that gemfibrozil and clofibrate inhibit the expression of iNOS and the production of NO in human astrocytes [66] . Although gemfibrozil induces PPRE-dependent reporter activity in human astrocytes, this drug inhibits the expression of iNOS independent of PPAR-a [66] . Gemfibrozil has been found to markedly inhibit the activation of different proinflammatory transcription factors, such as NF-kB, AP-1, and C/ EBPb, which are required for the transactivation of the human iNOS promoter [66] .
Switching of T helper cells
Being important immunomodulators, fibrates also modify functions of T cells. Fibrates are ligands of PPAR-a and resting T cells express PPAR-a. Marx et al. [67] have demonstrated that fibrates alone are sufficient to inhibit IL-2, TNF-a, and IFN-g production by activated CD4+ T cells. Fibrates also induce splenocyte production of IL-4, a cytokine important in the differentiation of Th2 cells that are generally believed to protect against the development of EAE [68] . In addition, WY-14643, the synthetic agonist of PPAR-a, has been shown to induce apoptosis of lymphocytes, which may protect against autoimmune diseases by ablating autoreactive lymphocytes [69] . Lovett-Racke et al. [70] have demonstrated that fibrates suppress the differentiation of Th1 cells while promoting the differentiation of neuroantigen-primed T cells toward the Th2 mode. Although underlying mechanisms are poorly understood, a recent study suggests that PPAR-a also plays a physiologic role in regulating T-bet, an inducible transcription factor important in the initiation of cytokine gene transcription, particularly Th1 cytokines [71] . This study demonstrates that PPAR-a present in the cytoplasm of T cells is able to negatively regulate the transcription of T-bet that favors the production of IFN-g by T cells. This regulation occurred independently of DNA binding, suggesting that there may be several mechanisms by which PPAR-a can influence T cell activation and cytokine production.
Therapeutic efficacy of statins
The current state of knowledge indicates that statins are not only lipid-lowering drugs. Due to multiple functions, these wonder drugs have emerged as possible medicines for many other chronic disorders including neurodegeneration, inflammation, demyelination, cancer, and diabetes. Below, I have tried to analyze a large body of information regarding possible treatment of several human disorders by statins.
Coronary artery disease
Data from several epidemiological studies have established statins as the most potent class of medicines for cardiovascular diseases. Being a cholesterol-lowering drug, statins are expected to ameliorate cardiovascular problems. However, in addition to lowering cholesterol, statins seem to ameliorate multiple problems in patients with atherosclerosis. For example, statins lower the levels of acute-phase proteins independent of their effects on cholesterol and thereby retard the deleterious effects of advanced atherosclerotic disease [72, 73] . There is increasing evidence that inflammation and the underlying cellular and molecular mechanisms contribute to the progression of atherosclerosis [74] . The vascular inflammatory process seems to promote plaque rupture and atherothrombosis, resulting in clinical complications of atherosclerosis. Schillinger et al. [75] have shown that the association between statin use and survival is markedly influenced by the inflammatory status of the patient, suggesting that a reduction of vascular inflammation or attenuation of the effects of inflammatory activity may be an important mechanism by which statins exhibit improved event-free survival. However, in addition to cholesterol-lowering and anti-inflammatory activities, improved endothelial function and plaque stabilization by statins in patients with atherosclerosis may also involve their anti-thrombotic, anti-proliferative, and anti-oxidative effects.
Cancer
The interest in studying the effects of statins on various forms of cancer stems from the facts that Ras is involved in at least 30% of all forms of cancer and that statins are capable of inhibiting the activation of Ras in various cell types [76] . Statins also inhibit the growth of various cell lines either by induction of cell cycle arrest or apoptosis [76, 77] . In addition, lovastatin has been reported to reduce invasiveness of lymphoma cells, human glioma cells, melanoma cells, and NIH-3T3 cells in matrigel [76] . Consistently, statins exhibit anti-tumor effects against melanoma, mammary carcinoma, pancreatic adenocarcinoma, fibrosarcoma, glioma, neuroblastoma, and lym-phoma in various animal models, leading to either suppression of tumor progression, and/or inhibition of the metastatic process [76, 78, 79] . Consistently, in an epidemiological analysis, fewer cases of melanoma are observed in the lovastatin-treated group compared with the control group [80] . In pre-clinical studies, statins also potentiate the anti-tumor effects of some cytokines and chemotherapeutics [81] . However, clinical trial results do not display particularly encouraging prospect for statin therapy in cancer. In a phase II study by Kim et al. [82] , lovastatin (35 mg/kg body weight) was administered to patients with advanced gastric adenocarcinoma. Although this drug regimen leads to transient side effects, such as myalgia and elevated serum creatine phosphokinase, the anti-tumor effect was not very obvious. In another phase I-II trial of lovastatin by Larner et al. [83] in patients with anaplastic astrocytoma and glioblastoma multiforme, high doses of lovastatin were well-tolerated with little anti-tumor activity. In the PROSPER trial, increased incidences for breast and colon cancer were also observed in the pravastatin-treated group [84] . However, before writing off statins from cancer trials, it should be remembered that statins specifically target Ras and, therefore, these drugs may have a better success rate against Ras-dependent cancers.
Diabetes
Patients with type 2 diabetes have an atherogenic lipid profile, which greatly increases their risk of coronary heart disease (CHD) compared with people without diabetes. An estimated 92% of individuals with type 2 diabetes, without CHD, have a dyslipidemic profile [85] . Consistently, the Heart Protection Study demonstrated an approximately 25% relative risk reduction of a first coronary event in patients with type 2 diabetes [86] . In the Lescol Intervention Prevention Study (LIPS), routine use of fluvastatin in patients with type 2 diabetes led to a 47% reduction in the relative risk of cardiac death [87] . An increased oxidative stress has been suggested to contribute to the accelerated atherosclerosis and other problems in diabetic patients. Accordingly, exposure of cultured aortic endothelial cells and SMCs to a high glucose level significantly increased the oxidative stress compared with a normal glucose level [88] . This increase was completely blocked by treatment with pitavastatin. Subsequently, administration of pitavastatin in streptozotocin-induced diabetic rats attenuated the increased oxidative stress in diabetic rats to control levels [88] . In addition to CHD, peripheral neuropathy is a frequent and major complication of diabetes. Interestingly, rosuvastatin restores nerve vascularity, including vessel size, in type II diabetic mice to the levels of nondiabetic mice by stimulating the expression of neuronal nitric oxide synthase (nNOS) in sciatic nerves [89] . Although the mechanisms are poorly understood, these drugs also reduce the risk of leg ulcers and kidney disease that are common in diabetic patients.
Osteoporosis
Osteoporosis is the most common form of bone-degenerating malady in humans. Statins are also emerging as wonder drugs for bone disorders, such as osteoporosis. Bone morphogenetic proteins (BMPs) are cytokines that promote differentiation of mesenchymal stem cells into differentiated osteoblasts, and bone formation. Interestingly, statins have been found to stimulate the expression of BMP-2 [90] and this phenomenon might be linked directly to the anabolic effect of statins on bone. In addition, IL-6 plays an important role in the pathogenesis of osteoporosis [91] . Because isoprenoid-mediated activation of Ras is involved in the induction of IL-6 [26] , statins block IL-6 induction in various cell types by depleting isoprenoids. The role of statins in bone formation was shown in 1999 and, after that, observations of large groups of patients have pointed to a reduction in the risk of osteoporotic fractures with the use of statins compared to those using other lipid-lowering drugs or to the control group [92, 93] . Epidemiological analyses also indicate a reduction in the risk of osteoporotic fractures with the use of statins, but whether using these drugs may have a beneficial effect on bone turnover is not yet known. We must therefore wait for larger prospective randomized clinical trials before prescribing these drugs in osteoporotic patients.
Alzheimer's disease AD is a neurodegenerative disorder resulting in progressive neuronal death and memory loss. Neuropathologically, the disease is characterized by neurofibrillary tangles and neuritic plaques composed of aggregates of bamyloid (Ab) protein, a 40-to 43-amino acid proteolytic fragment derived from the amyloid precursor protein. In the early 1990s, the first hint about possible involvement of cholesterol in AD came from observations of enhanced prevalence of Ab-containing senile plaques among subjects without dementia with coronary artery disease compared with individuals without dementia and heart disease [94] . Although the underlying mechanism has not been identified, elevated levels of circulating cholesterol have been proposed to increase the risk of AD several fold [95] . Subsequently, the cholesterol-AD nexus comes to the forefront with the direct evidence of increased levels of Ab in cholesterol-fed New Zealand White rabbits, the small-animal model of human coronary artery disease [96] . Interestingly, removing cholesterol from the diet of animals previously fed a cholesterol-enriched diet leads to significant reduction in brain Ab levels, attesting an important role for cholesterol in stimulating the producCell. Mol. Life Sci. Vol. 63, 2006 Biomedicine & Diseases: Review Article tion of Ab in vivo in the brain [96] . Epidemiological studies also suggest that prior statin use in treating risk of coronary artery disease may reduce the risk of AD later in life [97, 98] . Recently, in a double-blind randomized trial with a 1-year exposure to atorvastatin (80 mg/day), Sparks et al. [99] found that atorvastatin reduces circulating cholesterol levels and produces a positive signal on each of the clinical outcome measures (such as the Geriatric Depression Scale, the Alzheimer's Disease Assessment Scale, Clinical Global Impression of Change Scale, and Neuropsychiatric Inventory Scale) compared with placebo. However, results should be substantiated by a large multi-center clinical trial in order to establish statin therapy in AD.
Multiple sclerosis
MS is the most common human demyelinating disease of the central nervous system (CNS) of unknown etiology. A broad-spectrum inflammatory process in the CNS is believed to play an important role in the loss of myelin and myelin-producing cells. Evidence has emerged that statins have immunomodulatory effects in MS. Recent reports showed that statins prevent and reverse chronic and relapsing EAE, an animal model of MS [44, 45] . Several immunomodulatory properties of statins may account for their beneficial clinical effect. Statins decrease the migration of leukocytes into the CNS, inhibit MHC class II and co-stimulatory signals required for activation of proinflammatory T cells, induce a Th2 phenotype in T cells, and decrease the expression of inflammatory mediators in the CNS, including NO and TNF-a [44, 45, 100] . Greenwood et al. [101] have demonstrated that treatment of brain endothelial cells in vitro with lovastatin inhibits Rho-mediated transendothelial T cell migration. Consistently, they [101] and others [102] also demonstrate that in acute and relapsing-remitting mouse models of MS, lovastatin treatment inhibits leukocyte migration into the CNS and attenuates the development of both acute and relapsing clinical disease. Furthermore, in vitro experiments with human immune cells have shown an immunomodulatory profile of statins comparable to that of IFN-b. Consistent with this, an open-label clinical trial of simvastatin for MS reveals a significant decrease in the number and volume of new magnetic resonance imaging (MRI) lesions and a favorable safety profile [103] . As the evidence of the benefit of statins in MS is currently insufficient, large controlled clinical trials are needed. Because statin treatment is being considered as a possible therapy for MS patients, it is worth mentioning that the rationale for statin treatment is MS patients should be justified. First, MS is a disease of the younger generation and, therefore, many MS patients do not experience any cholesterol-related problems before, during or after the time of MS attack. Second, the serum concentration of 24S-hydroxycholesterol reflecting brain cholesterol turnover may be a possible marker for neurodegeneration and demyelination in MS [104] . Consistently, Teunissen et al. [105] have demonstrated serum levels of 24S-hydroxycholesterol and lathosterol are lower in patients with primary progressive and in older relapsing remitting MS. Therefore, long-term use of statins in MS patients may eventually prove to be fatal.
Depression
A couple of studies demonstrate that long-term use of statin leads to reduced risk of depression in patients with coronary artery disease [106, 107] . They have demonstrated that risk of depression was 60% less in individuals using statins than in hyperlipidemic individuals not using lipid-lowering drugs. Interestingly, the use of nonstatin lipid-lowering drugs yields a similar, but weaker effect. Although statins attenuate depression in susceptible patients, the molecular mechanisms associated with this beneficial effect of statin are not known. One could be the up-regulation of constitutive NOS (cNOS)-mediated NO production in brain cells by statins. As NO possesses the anti-depressant activity, statins may therefore suppress depression. Alternatively, another possible explanation could be the 'feel-good' effect of statins through improved quality of life due to decreased incidence of cardiovascular events.
Therapeutic efficacy of fibrates
Discovery of multiple functions of fibrates has allowed clinicians to consider fibrates as potential therapeutic agents for various pathological states including atherosclerosis, obesity, diabetes, inflammation, and demyelination. Here, I present the current state of knowledge regarding the treatment of several chronic diseases by fibrates.
Coronary heart disease
Fibrates were introduced for treatment of hyperlipidemia. Trials with fibrates have shown a reduction in CHD risk through modification of atherogenic dyslipidemia. The benefit is believed to be due to an increased clearance of very low density lipoprotein-cholesterol, a decrease in triglycerides, an increase in plasma high-density lipoprotein (HDL)-cholesterol via decreased exchange of triglyceride and HDL-cholesterol by the cholesterol ester transfer protein (CETP), and a reduction of hepatic cholesterol biosynthesis. Consistently, in several clinical trials, fibrate drugs alone have been found to cause a significant decrease in triglycerides (20-50%) and an increase in plasma HDL-cholesterol (14-20%) [108] [109] [110] .
Although the reduction in low-density lipoprotein (LDL)-cholesterol by fibrates always remains marginal (5-15%) [108] [109] [110] , in a study by Winkler et al. [111] , fenofibrate lowers atherogenic small dense LDL more effectively than atorvastatin. However, in general, fibrates seem to be particularly effective in patients for whom a disturbance of the triglyceride-HDL axis is the primary lipid disorder. In addition to lipid-lowering activity, fibrates are also anti-inflammatory. IL-6 has been shown to play an important role in the pathogenesis of atherosclerosis [112] . Biswas et al. [113] reported that IL-6 induces monocyte chemotactic protein-1 expression in peripheral blood mononuclear cells and U937 macrophages. Thus, suppressing the secretion of IL-6, fibrates may indirectly inhibit the production of potent chemokines involved in monocyte recruitment into the subendothelial space, resulting in less foam cell formation. In some instances, for better overall outcome, fibrates are also administered in combination with statin. According to Chapman [114] , a large percentage of CHD patients on statins alone still succumb to the disease. In a randomized, double-blind, placebo-controlled crossover trial with atorvastatin and fenofibrate in patients with combined hyperlipidemia, the combination therapy was found to be safe and had beneficial additive effects on endothelial function [115] . However, combination therapy may sometimes lead to an impairment in drug clearance [116, 117] , as the clearance of statin drugs from the body requires cytochrome P450-mediated chemical modification. In addition, gemfibrozil is known to inhibit cytochrome p450 [117] and thereby may cause faulty clearance of statins. Therefore, caution must be exercised when prescribing combination therapy for CHD patients.
Obesity
Obesity itself is a disease and is a serious risk factor for many other chronic complications, such as diabetes, hypertension, dyslipidemia, and cardiovascular diseases. People become obese when the body takes in more calories than it burns off and those extra calories are stored as fat. Due to its direct stimulatory effect on the catabolism of fat, fibrates have been used as primary or adjunct therapy for several years to control obesity. In obese prone (OP) rats, fenofibrate treatment significantly (p < 0.05) reduces food intake, weight gain, feed efficiency, and adiposity to the levels seen in control obesity-resistant rats [109] . Fenofibrate treatment also increases whole-body fatty acid oxidation, and stimulates the expression of carnitine palmitoyl transferase I, the enzyme involved in the entry of fatty acyl-CoA into mitochondria, in the liver of OP rats [118] . Obesity is often associated with leptin resistance, as evidenced by hyperleptinemia. Leptin is a 16-kDa protein secreted by fat cells that regulates feeding and energy expenditures by acting at sites primarily within the CNS [119] . Obesity in humans and rodents is almost always associated with a resistance to, rather than a deficiency of, leptin [120] . In fact, leptin itself is elevated in obesity. Leptin resistance arises from impaired leptin transport across the blood-brain barrier (BBB) and defects in leptin receptor signaling. Interestingly, gemfibrozil restores leptin transport across the BBB [121] and in diet-induced obese rats, gemfibrozil significantly reduces the leptin level [122] .
Diabetes
As mentioned above, patients with type 2 diabetes are at particularly high risk of atherosclerotic events. The Diabetes Atherosclerosis Intervention Study [123] and the St. Mary's, Ealing, Northwick Park Diabetes Cardiovascular Disease Prevention study [124] clearly show that fibrates improve cardiovascular outcomes in patients with type 2 diabetes. In addition to lowering cardiovascular risk, fibrates may also improve insulin sensitivity in diabetic patients. Fat metabolism and sugar homeostasis are inherently related. Insulin is recognized for its role in promoting glucose uptake. However, insulin is also capable of regulating the catabolism of triglycerides through its inhibition of hormone-sensitive lipase. On the other hand, lipid abnormalities also have profound effects on glucose homeostasis. For example, according to Schulman [125] , abnormal accumulation of triglycerides and fatty acylCoA in muscle and liver may result in insulin resistance. In a number of animal models, fibrates have been shown to lower plasma triglycerides, reduce adiposity and improve hepatic and muscle steatosis, thereby improving insulin sensitivity [126, 127] . Although fibrate drugs are widely used to treat hypertriglyceridemia in patients, surprisingly, their effects on insulin sensitivity in humans have not been thoroughly examined. Another putative beneficial effect of fibrates in diabetes that has not been much appreciated is reduction in inflammation. Subclinical inflammation always plays an important part in the pathogenesis of type 2 diabetes, primarily as a mediator of obesity-induced insulin resistance [128] . In this connection it is worth mentioning that fibrates are also capable of reducing inflammation.
Multiple sclerosis
A recent study also suggests that fibrate drugs, such as gemfibrozil and fenofibrate, may be considered as possible therapeutics for MS. The EAE animal model is particularly useful in testing new therapeutic intervention in MS. Lovett-Racke and colleagues [70] have demonstrated that these drugs are able to prevent and treat the disease process of EAE in mice. Although underlying Cell. Mol. Life Sci. Vol. 63, 2006 Biomedicine & Diseases: Review Article 1173 mechanisms are poorly understood, anti-inflammatory property, suppression of Th1 activity, and promotion of the Th2 response might be involved in fibrate-mediated attenuation of the EAE disease process.
Are fibrate drugs safe in humans?
Fibrate drugs like ciprofibrate, clofibrate, fenofibrate, and gemfibrozil induce the proliferation of peroxisomes in rats and mice. Continuous administration of these drugs to the rodents for 40-50 weeks also leads to the formation of hepatic tumor [22, 58, 129] . However, induction of hepatic tumor promotion by fibrate drugs has not been demonstrated in humans, other primates or guinea pig [129, 130] , species which have lost their ability to synthesize ascorbate due to inherent loss of the gulonolactone oxidase gene. Braun et al. [130] have reported that the evolutionary loss of the gulonolactone oxidase gene may contribute to the missing carcinogenic effect of peroxisome proliferators in humans since ascorbate synthesis is accompanied by H 2 O 2 production, and consequently its induction can be potentially harmful. Furthermore, recent studies have also revealed that humans have considerably lower levels of PPAR-a in liver than rodents, and this difference may, in part, explain the species differences in the carcinogenic response to peroxisome proliferators [129] . Therefore, hepatic tumor formation may not be a concern in humans. However, combination therapy of cerivastatin and gemfibrozil may cause myopathy and rhabdomyolysis [131] , suggesting that such a combination therapy should be prescribed cautiously.
Conclusion
Over the past several years, scientists have achieved significant progress in unraveling newer aspects of lipid-lowering drugs. However, the contribution and importance of any biomedical field should be judged by two parameters: academic and therapeutic. From the academic point of view, it is important to create a bibliography of the regulation of various biological pathways by lipid-lowering drugs that should help in intellectual expansion of this and other fields. For example, one might predict a possible similarity with and/or merger with another subfield that might provide a more coherent approach for better understanding of a biological process. On the other hand, from the therapeutic point of view, one might expect direct application of lipid-lowering drugs in several incurable human disorders. For both aspects, there has already been outstanding success. The reason behind this lies partially in the significant increase in the aging population in recent years. As people expect to live longer, they are more likely to acquire lipid-related disorders, and that itself should boost the market for lipid-lowering drugs.
In addition to lipid-related disorders, these drugs are also stretching their arms in the direction of various human disorders including neuroinflammatory and neurodegenerative diseases. However, a number of unresolved issues raise doubts about the widespread use of lipid-lowering drugs in neurological disorders. For example, in AD, it is doubtful that cholesterol is to blame for neurodegenerative pathology. Higher neuronal cholesterol has not been shown to increase Ab production. It is also not known whether neurons in AD have more cholesterol than control neurons. On the contrary, the brains of AD patients show a specific down-regulation of seladin-1, a protein involved in cholesterol synthesis, and low membrane cholesterol was observed in hippocampal membranes of AD patients with the e4/e4 genotype of ApoE [132] . Similarly, many young MS patients do not experience any lipid-related problems. Therefore, the challenge is to maintain cholesterol or lipid homeostasis in lipid-independent disorders after the use of lipid-lowering drugs, in order to minimize side effects, and that may not be an easy task. Alternatively, specific targeting of the biological molecule/process but not an unrelated one such as lipid/cholesterol may be another option to achieve a better therapeutic outcome under these conditions. For example, inhibitors of farnesyltransferase or geranyl geranyltransferase may be considered for the treatment of cholesterol-independent disorders, as these drugs do not lower the level of cholesterol while performing one of the most important functions of cholesterol-lowering drugs, i.e., inhibition of small G protein activation. At present, these drugs are on clinical trial to stop the progression of different forms of cancer.
